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We demonstrate a considerable suppression of the low-field leakage through a Y2O3 topgate insulator on graphene by 
applying high-pressure O2 at 100 atm during post-deposition annealing (HP-PDA). Consequently, the quantum capaci-
tance measurement for the monolayer graphene reveals the largest Fermi energy modulation (EF = 0.52 eV, i.e., the 
carrier density of 2×1013 cm-2) in the solid-state topgate insulators reported so far. HP-PDA is the robust method to 
improve the electrical quality of high-k insulators on graphene. 
 
The deposition of ultrathin and reliable high-k die-
lectrics on graphene is required to realize the high trans-
conductance in graphene field-effect transistors (FETs). 
Generally, two kinds of deposition methods are used: one 
is physical vapor deposition1-4 (PVD) with low particle 
energies to avoid the defect introduction in graphene,5 
the other is atomic layer deposition (ALD) with buffer 
layers6-8 to overcome the chemically inert surface of 
graphene. Recently, graphene FETs have been reported 
with ALD Al2O3 topgate insulators as thin as 2.6 nm.9 
Insulators fabricated by PVD and ALD, however, 
suffer from the dielectric breakdown at the voltage much 
lower than the complete breakdown voltage due to the 
fragility of dielectrics accumulated by the low-field 
leakage during the iterative measurements. Typical elec-
trical field for this low-field dielectric breakdown is ~0.2 
V/nm. This is a critical issue for the reliability of the 
topgate insulators. A common limitation for the insula-
tors on graphene fabricated by both PVD and ALD is the 
lack of a robust methodology for post-deposition an-
nealing (PDA) in an O2 atmosphere. Although PDA at a 
high temperature (e.g., ~500 C) is known to improve the 
electrical quality of the insulator considerably,10 it intro-
duces many defects in graphene by oxidation.11 
Here, from a thermodynamic viewpoint,12 let’s con-
sider the Gibbs free energy change (G = G - 
RTlnPO2) for the oxidation reaction of M + O2 = MO2, 
where G is the standard Gibbs free energy change for 
the oxidation reaction, R is gas constant, PO2 is the oxy-
gen partial pressure and M is the metal. G should be 
negative to facilitate the oxidation. The first term for G 
can be used for material selection. An appropriate ra-
re-earth element for use in high-k insulators should be 
highly susceptible to oxidation. Figure 1(a) shows G 
of rare-earth, transition and representative elements at 
300 C calculated using a thermodynamic database.13 
The G for yttrium is negatively largest among all of 
the metal oxides, even smaller than that of carbon. 
Therefore, Y2O3 can be obtained at relatively low oxida-
tion temperatures and is thermodynamically stable on 
graphene. The band gap for Y2O3 is ~5.5 eV, which is 
almost identical to that of h-BN.14 The dielectric constant 
of Y2O3 is ~12,15 while it is ~3-4 for h-BN.16 The second 
term for G is the process condition, which is derived 
from the oxygen potential. G should be further de-
creased to reduce the defects in the insulator such as ox-
ygen vacancy. This can be achieved by increasing PO2 
during PDA without elevating the annealing temperature. 
The strategy for fabricating high-quality high-k in-
sulators on graphene is the deposition of Y2O3 on gra-
phene by PVD with low particle energy and a subsequent 
high-pressure PDA (HP-PDA) process carried out in a 
100 % O2 atmosphere at ~100 atm and 300 C. In this 
study, we demonstrate drastic suppression of the 
low-field leakage current through a Y2O3 topgate using 
HP-PDA. The improved electrical quality of the insula-
tors on the monolayer graphene is realized by the large 
modulation of Fermi energy (EF) in the quantum capaci-
tance (CQ) measurements as well as the high transistor 
performance in the electrical transport measurements.  
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FIG 1. (a) G of rare-earth, transition and representative elements at 300 C, calculated using a thermodynamic database. The G value for 
1 mol of O2 is shown, for mainly two kinds of oxidation reactions, M + O2 = MO2 and 4/3M + O2 = 2/3M2O3. For the rare-earth elements, only 
several important elements are shown due to the lack of space. (b) Leakage current density through the Y2O3 topgate insulators fabricated by 
HP-PDA and AP-PDA. (c)  as a function of VTG - VDP for the graphene FETs fabricated by HP-PDA and AP-PDA. 
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We fabricated monolayer graphene backgated FETs 
containing source and drain electrodes (Ni(~10 
nm)/Au(~50 nm)) on ~90 nm SiO2/n+-Si substrates by 
the mechanical exfoliation of Kish graphite. Y2O3 was 
then deposited over the entire surface area of the wafer 
by the thermal evaporation of ~2 - 2.5 mg of Y metal in 
the O2 atmosphere, where the PO2 was adjusted to 10-1 
Pa.4 The thickness was roughly controlled at ~5 - 7 nm 
by selecting the initial mass of the Y metal. Next, the 
samples were placed in a high-pressure annealing system 
made of Inconel 625 alloy (supplementary material17), 
which is generally used for supercritical fluid experi-
ments. The HP-PDA process was carried out in a 100 % 
O2 atmosphere at ~100 atm at 300 C for 20 min. Finally, 
the topgate electrode (Ni/Au) was patterned, followed by 
annealing at 300 °C for 30 s under 0.1% O2 gas flow. For 
comparison with the HP-PDA process, atmospher-
ic-pressure PDA (AP-PDA) was also carried out in a 
100 % O2 atmosphere at 1 atm at 200 C for 10 min, 
which is the same condition used in the previous work.4 
The lack of a Raman D band measured through Y2O3 
indicated that no defects were introduced into graphene 
by the HP-PDA process.17 
 
Figure 1(b) compares the leakage current density 
(Jg) through Y2O3 between the source and the topgate 
fabricated by HP-PDA and AP-PDA. There are many 
small spikes in Jg for AP-PDA, as shown by black arrows, 
suggesting that defect states exist within the band gap. 
After HP-PDA, the drastic suppression of the low field 
leakage current is clearly observed. Especially, small 
spikes completely disappear. On the other hand, the 
complete breakdown voltage does not change much. 
Figure 1(c) compares the conductivity () as a function 
of the topgate voltage (VTG) on the basis of the Dirac 
point voltage (VDP) for the graphene FETs fabricated by 
HP-PDA and AP-PDA. It is evident that HP-PDA is ef-
fective for the transconductance improvement. 
Figure 2(a) shows the resistivity () as a function 
of VTG for different backgate voltages (VBG) at 20 K. The 
topgate leakage current of ~10-12 A, as shown in the inset 
of Fig. 2(a), is seven orders of magnitude lower than the 
source-drain current (ISD) of ~10-5 A. The topgate voltage 
can be swept over a wide range of 4 V; therefore, the 
VBG is widely swept by 60 V after the leakage current 
and complete breakdown voltage for the backgate SiO2 
insulator with ~90 nm in thickness are confirmed. 
To qualitatively compare the electrical quality of the 
Y2O3 insulator with previous reports, we judged the in-
sulator not from the relationship between Jg and the 
equivalent oxide thickness (EOT) but rather from the 
maximum EF modulation estimated by the CQ measure-
ment. Figure 3(a) shows the total capacitance (Ctotal) 
values between the source and topgate electrodes as a 
function of VTG for varying VBG at 20 K. The Ctotal was 
strongly dependent on the VTG. For channel materials 
with low density of states (DOS), such as graphene, the 
Ctotal can be described by 1/Ctotal = 1/Cox + 1/CQ, where 
Cox is the geometric capacitance and CQ = e2 DOS.18 This 
is because the increase in the energy to induce carriers in 
the channels with low DOS is large and is introduced as a 
voltage drop in the equivalent circuit. The simplified 
equivalent circuit, in which VDP is held at VTG = 0 V by 
adjusting the VBG, is shown in Fig. 3(b). The hysteresis 
in bidirectional C-V measurements is negligible for 4 V 
sweep of VTG,19 as shown in Fig. 3(c), suggesting the 
good quality of the Y2O3 insulator. Figure 3(d) com-
pares the CTotal as a function of VTG - VDP for the gra-
phene FETs fabricated by HP-PDA and AP-PDA.4 A 
considerable increase in the CTotal was clearly observed, 
indicating an increase in CY2O3 by HP-PDA. This is con-
sistent with the increase in the transconductance, as 
shown in Fig. 1(c). 
For qualitative estimation of the CY2O3, the VDP for 
the topgate sweep was plotted as a function of the VBG, as 
shown in Fig. 2(b). The DP shift of the I-V data is almost 
consistent with the shift of the C-V data. The average 
slopes of the I-V and C-V data for HP-PDA, which cor-
respond to the capacitive coupling of CSiO2/CY2O3, are 
more gradual than those observed for AP-PDA. Using 
CSiO2 = 0.038 Fcm-2 for a 90 nm thickness of SiO2, the 
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FIG 2. (a)  as a function of VTG for different VBG at 20 K. The inset shows the topgate leakage current for Id = ~50 A. (b) VDP for the VTG 
sweep as a function of the VBG. The red solid circles and red solid boxes indicate the DPs obtained by I-V and C-V measurements for 
HP-PDA in Fig. 2(a) and Fig. 3(a), respectively. The blue data are adapted from a previous work.4 The slopes are determined by linear fit-
ting. (c)  and  as a function of n. The mobility for n < 1×1012 cm-2 is not valid due to n*. 
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CY2O3 for HP-PDA is calculated to be 0.95 Fcm-2, which 
is indeed improved from CY2O3 = 0.76 Fcm-2 for 
AP-PDA.4 In the equivalent circuit shown in Fig. 3(b), 
there is only one fitting parameter for the parasitic ca-
pacitance (Cpara), as the CQ can be calculated by the the-
oretical relation of CQ =2e2EF/(vFħ)2, where vF is the 
Fermi velocity (1×108 cm/s) and ħ is Planck’s constant. 
The experimental data are fit by solid lines in Fig. 3(d) 
using Cpara = 0.10 Fcm-2 for HP-PDA and Cpara = 0.19 
Fcm-2 for AP-PDA. The CQ is obtained simply from CQ 
= CY2O3C’total/(CY2O3 - C’total), where C’total = Ctotal - Cpara. 
Figure 3(e) shows the CQ as a function of EF in the gra-
phene FETs fabricated by HP-PDA. The CQ for AP-PDA 
is shown for comparison. The charging energy required 
to induce carriers in the graphene is denoted by EF, 
which is expressed as EF = eVch. Vch can be expressed by 
the equation for a series combination of capacitors ac-
cording to 𝑉𝑐ℎ = 𝑉𝑇𝐺
′ − ∫ 𝐶𝑇𝑜𝑡𝑎𝑙
′ /𝐶𝑌2𝑂3
𝑉𝑇𝐺
′
0
𝑑𝑉𝑇𝐺
′ , where 
V’TG is defined as V’TG = VTG - VDP. The deviation from 
the theoretical value near the DP is due to residual carri-
ers that are externally induced by the charged impuri-
ties.2,4,20 The residual carrier density (n*), as shown by 
the arrow in Fig. 3(e), is calculated as 3.6×1011 cm-2 us-
ing 
*
F FE v n . The n
* values for HP-PDA and 
AP-PDA are almost the same, although there are de-
vice-to-device variations. The estimated CQ value for 
HP-PDA is consistent with the theoretical dotted line for 
EF > ~0.15 eV, suggesting that HP-PDA has no influence 
on the band structure of graphene. Table 1 compares the 
maximum EF values reported in the literature. The data 
obtained by the ion gating are also included. Although 
there are many reports on electron transport in topgated 
graphene FETs, the literature for CQ measurements is 
selected because relatively high-quality and thin topgate 
insulators are required. The largest EF values (0.52 eV) 
for solid-state topgate insulators are achieved by 
HP-PDA. 
 Now, let’s move back to the transport measure-
ment to extract the carrier mobility (. The carrier den-
sity (n) cannot be evaluated by a simple parallel plate 
capacitor model for geometric capacitance, because of 
the significant contribution of the CQ. Here, n is evaluat-
ed by the integral of the differential capacitance C’total,21 
i.e., n =
1
𝑒
∫ 𝐶𝑇𝑜𝑡𝑎𝑙
′𝑉𝑇𝐺
′
0
𝑑𝑉𝑇𝐺
′ . Then,  is calculated from  
= /en. Figure 2(c) shows  and  as a function of n. A 
large n of ~2×1013 cm-2 is reached because of the im-
proved CY2O3 and the large voltage applied only to the 
Y2O3 insulator (VTG - Vch = ~3.6 V). Although n is evalu-
ated by the integral of C’total, it still includes the contri-
bution from n* near the DP. Therefore,  for n < 1×1012 
cm-2 is neglected. The high  of ~4,100 cm2V-1s-1 is 
much improved from the previous AP-PDA device,4 even 
though the contribution of the contact resistance is in-
cluded in this device. 
Next, we discuss the physical and chemical origins 
for the drastic improvement of the Y2O3 insulator fabri-
cated by HP-PDA. The X-ray photoelectron spectra were 
measured for the Y2O3 films on highly oriented pyrolytic 
graphite (HOPG) with HP-PDA and AP-PDA.17 The 
peaks for C1s, Y3d and O1s are almost the same for 
HP-PDA and AP-PDA. Therefore, the oxidation state of 
the Y element is not drastically affected by HP-PDA. 
Moreover, the average surface roughness of the Y2O3 
film on the HOPG with HP-PDA and AP-PDA are ~0.36 
nm and ~0.34 nm, respectively, again suggesting no clear 
difference. 
The main difference is evident in the cross-sectional 
transmission electron microscope (TEM) images of the 
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FIG 3. (a) CTotal as a function of VTG for the graphene 
FET device at 20 K at a frequency of 1 MHz. (b) The 
equivalent circuit simplified for the topgate graphene 
FET device, in which VDP is placed at VTG = 0 V by 
adjusting the VBG. (c) Hysteresis detected in the 
sweeping range of VTG = 4 V for different VBG. The 
hysteresis is defined as Vhys = VDPforward – VDPreverse for 
the VTG sweep. (d) Comparison of CTotal as a function of 
VTG - VDP for the graphene FET devices fabricated by 
HP-PDA and AP-PDA.4 Solid circles are experimental 
data, while solid lines are curves fitted by Cpara = 0.10 
Fcm-2 for HP-PDA and Cpara = 0.19 Fcm
-2 for 
AP-PDA. (e) CQ extracted based on the fitting in (d). 
The dotted line is the theoretical CQ. The right vertical 
axis is converted to the DOS. n* is 3.6×1011 cm-2 for 
both HP-PDA and AP-PDA. 
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Y2O3 topgate graphene devices shown in Fig. 4(a). The 
Y2O3 insulator fabricated by HP-PDA is crystallized as a 
cubic phase (the inset in Fig. 4(a)); however, an amor-
phous region is also detected around the crystallized 
grain. On the other hand, the Y2O3 insulator fabricated by 
AP-PDA has very limited partial crystallization.22 The 
increase in the dielectric constant by HP-PDA is ex-
plained by the higher dielectric constant of crystalline 
Y2O3. Interestingly, the formation of a two-dimensional 
hexagonal Y2O3 monolayer on graphene has been re-
cently reported.23 However, we did not observe a specific 
crystallographic relationship between Y2O3 and graphene. 
Moreover, electron energy loss spectroscopy (EELS) 
detected the NiOx region on the Y2O3 insulator, which 
may have been formed by the annealing at 300 °C under 
the 0.1% O2 gas flow after the topgate electrode deposi-
tion, as shown in Fig. 4(b). This observation explains the 
apparently low k value of 5.4 for the HP-PDA Y2O3 in-
sulator with a CY2O3 = 0.95 mFcm-2 and a thickness of 5 
nm. The topgate insulator in this study should be recog-
nized as a gate stack of NiOx and Y2O3 double layer. 
Finally, we discuss the role of graphene as a diffu-
sion barrier during HP-PDA. Figure 4(c) shows the ca-
pacitance as a function of the gate voltage for 
Au/Y2O3/n-Si MOS capacitors fabricated by AP-PDA 
and HP-PDA. The considerable degradation of the ca-
pacitance for the accumulation side for HP-PDA indi-
cates that the decrease in the k value for the Y2O3 insula-
tor is due to the diffusion of Si into the Y2O3, which has 
been reported previously.24 On the other hand, the Ctotal 
for Y2O3 on graphene increases for HP-PDA, as shown 
in Fig. 3(d). Si diffusion in Y2O3 is not detected within 
the resolution of the EELS measurements shown in Fig. 
4(b). Although the tail of the composition profile is gen-
erally ~2 nm in length due to the spatial extent of the 
electron beam, the lack of Si at the center of the Y2O3 
profile and similar slopes for both the Y and O profiles 
support our premises. These results suggest that the in-
crease in PO2 by HP-PDA are totally spent on the im-
provement of the crystallinity and the reduction of de-
fects such as oxygen vacancies, rather than on the diffu-
sion of the other elements, because graphene is known to 
work as a diffusion barrier,25-27 as schematically ex-
plained in Fig. 4(d). HP-PDA is applicable to other 
high-k materials on graphene, because the difference in 
G is very small for high-k materials. Moreover, this 
method may be extended to other layered materials with 
relatively high melting points. 
 
HP-PDA is the robust method to drastically improve Table 1
Table 1   Summary of maximum EF in the CQ measurements
*“ME” indicates mechanical exfoliation of bulk graphite. **ALD HfO2 is deposited on embedded metal and CVD graphene is 
transferred on HfO2. The device has inverted structure. ***EF for these cases was calculated form the carrier density. 
Deposition methodInsulator Ref.EF [eV]Graphene
Al2O3 ALD 280.3ME*
Al2O3 Depo. in O2 20.35ME
Y2O3 Metal depo. & Air anneal 10.4ME
32ABIM-TFSI 0.82***Ion gate ME
Y2O3 0.52Depo. in O2 & HP-PDA presentME
310.22Ion gate MEBMIM-PF6
HO2 ALD** CVD 0.3 29
Thickness [nm] Cox [Fcm
-2]
10 0.56
~0.3 ~21
10 0.47
~50×1012
3.9
h-BN ME & Transfer ME 0.26***
1.89
~5×1012 300.1527
- 0.95
~100×1012Ion gate ME 1.17*** 33
n [cm-2]
4.4 1.98
Solid polymer ~3.2
~6.5×1012
~10×1012
~10×1012
~6.5×1012
~20×1012
~3.5×1012
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FIG 4. (a) Cross-sectional TEM images for 
the graphene FET devices fabricated by 
HP-PDA and AP-PDA. The inset shows the 
Fourier transform of the Y2O3 grain marked 
by an arrow, confirming the cubic structure. 
(b) Intensity profiles as a function of distance 
along the dotted red line in (a), determined by 
the EELS measurements. It should be noted 
that the full-width at half-maximum for the Y 
profile is narrower than the thickness of Y2O3 
determined from the TEM image because the 
detection sensitivity for the Y element is 
lower than for the other elements. (c) 
Bi-directional C-V characteristics for the 
Au/Y2O3/n-Si MOS capacitor fabricated by 
HP-PDA and AP-PDA at RT. (d) Schematics 
of the effect of HP-PDA for Y2O3 on Si (left) 
and Y2O3 on graphene/SiO2/Si (right). 
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the electrical quality of high-k insulators without elevat-
ing the annealing temperature. The key to this process is 
that the increase in PO2 by HP-PDA is totally spent on 
the improvement of crystallinity and the reduction of 
defects such as oxygen vacancies, rather than on the dif-
fusion of other elements, because graphene works as a 
diffusion barrier. Using the high-quality Y2O3 insulator, 
we demonstrate the largest EF (0.52 eV) reported to date 
in solid-state topgate insulators as well as the high tran-
sistor performance. 
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